We present a full range handheld probe type spectral domain optical coherence tomography (SD-OCT) method. Here, the sample arm is composed of a tilted fiber-optic cantilever scanner; thus, the phase shift concurrently occurs while sample scanning. With the phase shift, we could achieve a full range complex-conjugate-free OCT image with no additional phase shifters in the reference arm. To realize this technique, a magnetically actuated probe was adopted. Full range SD-OCT images of a pearl, human fingernail, and human tooth were subsequently obtained using this suggested probe. The scanning range and acquisition speed were 3 mm and 20 frames∕ s, respectively.
Optical coherence tomography (OCT) [1] is a powerful noninvasive imaging modality that is used to provide high resolution tomographic imaging. In particular, due to its improved sensitivity and dynamic range compared with time domain OCT, spectral domain OCT (SD-OCT) [2] has been developed. In addition, OCT systems based on fiber-optic endoscopic and handheld probes [3] [4] [5] have become a popular area of research, because of advantages such as compactness, flexibility, low insertion loss, alignment-free, and high speed scanning. Even with these advantages, however, SD-OCT systems have inherent problems during signal processing. For example, the reconstructed image is symmetrical with respect to the interferometer's zero-phase delay after the fast Fourier transform (FFT) process, such that only half of the depth range can generally be used.
To extend the imaging depth, various full range methods have been introduced. As a well-known method, the phase shifting method [6, 7] can retrieve a complex image from a few frames of interference fringes obtained using the different phases of a reference beam. Furthermore, BM-mode scanning [8] simultaneously uses phase modulation of the reference beam (M-scan) and sample scanning (B-scan). The reference scanning-free phase shift method was also developed, which uses the off-axis galvano scan in the sample arm [9] . However, development of a full range probe-based system has not similarly progressed like as a system equipped with a bulk sampling arm, though it could potentially improve the image contrast for human tympanic membranes and organs. Until now, only a few full range endoscopic OCT systems have been reported [10] .
In this Letter, we propose the development of a full range SD-OCT using a fiber-optic scanning probe. For full range, we adopted the BM scan technique. Since a fiberoptic probe scans like a free-standing cantilever, the light emanating from the fiber tip follows an arc line in the direction of the fiber's tip angle. Then, unintentional phase shift occurs, though this phase shift is not sufficient for full range processing, so we also tilted the fiber. As a result, a complex-conjugate-free OCT image was obtained with no modification in the probe configuration. To realize this probe, we constructed SD-OCT system and a magnetically actuated fiber-optic probe [4] . The fiberoptic probe-based complex SD-OCT system is shown in Fig. 1 .
A broadband light source having a center wavelength of 840 nm and a spectral bandwidth of 62 nm was used. The measured axial resolution was 8 μm. The confocal parameter was 0.37 mm at a lateral resolution of 14 μm. The light was split into reference and sample beams by using an optical coupler. Here, a probe actuated by a magnetic force was employed in order to achieve sample scanning, which also served to phase shift the complex SD-OCT. Figures 2(a) and 2(b) show a schematic of the probe and a photograph of the implemented probe under a scanning motion.
The beam backscattered from the sample creates an interference pattern with the reference beam reflected at the reference mirror. The 2D spectral interference signal detected with a line CCD is expressed as
where ω and t are the optical angular frequency and time, respectively. In addition, I R ω and I s ω; t are the light intensities of the reference and sample beams, Δφ s ω; t is the time-dependent phase delay of the sample beam against the reference beam, and φt is the time dependent phase offset that occurs during scanning. In this Letter, we show that a fiber-based scanner can be used to change the φt term for a full range complex OCT image. Figure 3 presents a schematic of the scanning motion of the probe, and a photograph taken during a single lateral scan, corresponding to the red box in Fig. 3(a) . Note that Fig. 3(a) is slightly exaggerated to assist in understanding the concept of phase offset in the probe. In the figure, the green line denotes a lensed fiber whose real shape is shown in the inset of Fig. 3(b) ; it simply comprises a single mode fiber (SMF), coreless silica fiber (CSF), and lens. The lensed fiber is fixed at one point, like a free-end cantilever, and the fixed point in the figure indicates the rigidly fixed end of the fiber. The other end of the fiber piece is actuated with a scan angle θ s and a tilt angle θ t . To realize the tilt angle, we simply tilted the fiber itself while scanning. The introduced tilt angle had only a positive (or negative) value for the time derivative of the phase offset, which avoided image flipping, and also provided a sufficient spatial frequency shift after performing FFT in a lateral direction. The photograph in Fig. 3(b) was taken with a digital camera during scanning, and the He─Ne laser emanating from the lensed fiber shows the scanning track. If we assume that a sample is placed horizontally (x direction), the phase offset can be determined as shown in Fig. 3(a) .
While lateral scanning, the optical path length offset ( μm) with respect to time is theoretically and experimentally illustrated in Fig. 4 . Note that though the two results are not exactly the same, they are well matched. The results were obtained for θ s and θ t at about 3.5°and 4.5°, respectively, and a scan range of about 3 mm.
In our experiment, the number of A-lines per each Bscan is 1200 and the maximum optical path length offset was calculated as 246 μm to ensure that a sufficient spatial frequency shift is provided. Furthermore, the separation between A-lines is about 1=5.6 of the spot size of the beam, which is an important factor due to the mirror term suppression ratio [9] . Figure 5 shows the flow diagram of the full range image reconstruction procedure. First, a two-dimensional (2D) spectral interferogram was obtained for a single B-scan [ Fig. 5(a) ]. In the lateral direction, phase is nonlinearly changed, as in Fig. 4 . Using this phase change, the BM scan technique [8] was applied for a fiber-based scanner in order to obtain a full range image. Then, the interferogram of Fig. 5(a) was fast Fourier transformed in the lateral direction. Figure 5 (b) presents the FFT results for a single lateral line of Fig. 5(a) (dotted black line) ; then, only the positive/negative complex conjugate signal was selected, using the spatial frequency filter shown by the dotted red curve. However, since the phase offset changes nonlinearly, the signal peak of the FFT result becomes broad, so image information can be lost after filtering. To avoid this problem, prior to the FFT process, we resampled the phase so that phase can change linearly. Subsequently, the phase interval between two adjacent A-lines became π=2 rad. The complex spectrum [ Fig. 5(c) ] was obtained after the inverse FFT of the filtered signal. Next, the FFT was performed again, but in the optical wavenumber k domain. As a result, we obtained the full range image shown in Fig. 5(d) , and as the last step, the image was reconstructed, since the fiber scans sinusoidally over time [ Fig. 5(e) ]. Without the above process, we would obtain an overlapping image such as that in Fig. 5(f) , which also has a strong dc term. The images in Figs. 5(d)-5(f) are of a pearl that has several layers inside and a nucleus.
To verify the usability of this technique, we also imaged several biological samples. Figures 6(a) and 6(b) are in vivo SD-OCT images of a human fingernail near the nail fold region. Each image was obtained without and with the full range imaging process. In Fig. 6(a) , the desired image is overlapped with a conjugated image using dc and an autocorrelation signal; therefore, the real signal is difficult to distinguish. In contrast, in Fig. 6(b) , we can easily see nail structures such as the nail plate, nail bed, epidermis, and dermis. Figures 6(c) and 6(d) are SD-OCT images of a human tooth taken without and with the full range imaging process. In Fig. 6(d) , structures of the dentine, enamel, and dentino-enamel junction are clearly identified. Note that the physical size of both images is 2.3 mm × 3 mm (depth × lateral, 648 pixels × 1200 pixels), and the acquisition speed is 20 frames=s.
In summary, we presented a full range SD-OCT method using a fiber-based scanning probe. Due to the nonlinear scanning motion of the cantilever fiber, the phase offset could continuously change over time. However, to void image flipping and nonfrequency shift region and also to provide sufficient spatial frequency shift, we supplied an additional tilt angle to the fiber axis. Thus, the phase shift was achieved during the sample scanning. With the suggested technique, the full range complex-conjugate-free SD-OCT images of a pearl, human fingernail, and human tooth could be successfully acquired. By further developing this method, it is expected that a high sensitivity endoscopic probe can be realized for biomedical imaging in the future. In addition, though the current probe is still too big for clinical applications, we can reduce the size of the driving coil by simply using a thin but strong ferromagnetic rod or wire having high magnetic permeability as the solenoid core.
